Environmentally sensitive molecular probes reveal mutations and epigenetic 5-methyl cytosine in human oncogenes M. Taskova, a M. C. Barducci a and K. Astakhova aϮ There is currently an unmet need for reliable tools that allow for direct detection and quantification of modifications in genomic DNA. For example, in cancer research and clinical diagnostics, target DNA has to be amplified and sequenced in order to reveal mutations. For 5-methylcytosine detection, bisulfite treatment of DNA is applied for the analysis, which often leads to poor specificity and reproducibility of the results. Herein we describe a simple approach that specifically detects clinically significant modifications in the human oncogenes BRAF and KRAS. We prove that this can be done using a fast and reliable hybridization assay applying novel internally labelled oligonucleotide probes and optical detection methods.
Human oncogenes play a crucial role in cancerogenesis by inducing unscheduled proliferation as well as genomic and chromosomal instability. 1, 2 Single-nucleotide polymorphisms, or SNPs, occur in all known oncogenes and have been proved to have an important role in cancerogenesis. 1 modification is another structural variation in genomic DNA, and in oncogenes in particular, that is of paramount biological effect. 3 5-MeC is stably heritable, i.e. epigenetic, and it is known to have a gene silencing function. 5-MeC has been detectable since 1978 using Maxam-Gilbert sequencing. 4 Since then, advanced techniques have been proposed for 5-MeC mapping, also in human oncogenes. 5 These include LC-MS, pyrosequencing, 5-MeCsensitive PCR and nanopore sequencing. However, most methods require pre-treatment of the DNA sample, leading to its degradation, and still often lack sensitivity and specificity. [5] [6] [7] Locked nucleic acids, LNA, play an important role in modern nucleic acid analysis ( Fig. 1 ). 8 This bicyclic modification induces high affinity and specificity of synthetic oligonucleotides to targets and is therefore applied in PCR, microarrays and other methods, especially for SNP analysis. 8 However the potential of using LNA for 5-MeC mapping has not been investigated so far.
Bioconjugation strategies allow for the site-specific introduction of diverse functionalities into synthetic oligonucleotides and improve their target recognition properties. 8 We and others proposed several modification methods leading to fluorescent LNA/DNA probes. 8 In particular, copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) click chemistry has been successfully applied for preparation of diagnostic probes. 8, 9 Among various fluorophores, polyaromatic hydrocarbons (PAHs) have proven to be promising units for the preparation of SNP sensors. 6, 7 Being sensitive, stable and highly fluorescent within nucleic acid complexes, PAHs have been successfully utilized as key elements in DNA inter-strand communication systems as well. 8 Attachment of fluorophores directly to LNA or to other scaffolds within LNA/DNA probes has an additional positive effect on SNP sensitivity. 8 In the present work we combine recent findings by us and others on 'clickable' LNA/DNA probes, 8, 9 conditionally fluorescent oligonucleotides [10] [11] [12] [13] and a solid-support hybridization assay, aiming at the development of an ultra-specific and sensitive probes for cancer DNA detection. 14 Herein, we introduce a series of fluorescent probes containing internally positioned PAH and xanthene dyes leading simultaneously to high binding affinity and efficient recognition of BRAF and KRAS oncogenes ( Fig. 1 ). We confirm the efficacy of these LNA/DNA probes in ultra-specific detection of SNPs, including the challenging discrimination of neighbouring mutations in KRAS codons 12-13. Furthermore, using the high microenvironmental sensitivity of the novel LNA/DNA probes, we for the first time directly detected 5-MeC DNA modification in human cancer DNA ( Fig. 1 ).
Successful probe design provides tools for DNA and RNA identification with high sensitivity, specificity, a bright signal and minimum impact on the biological system at minimal cost. 10 In this study, we designed LNA/DNA probes to target mutated regions of the BRAF and KRAS oncogenes. Three target sequences, BRAF V600E, KRAS G12D and KRAS G13D, and their wild-type analogues were selected as mutated oncogenes. The probes were then created as complementary 21mer oligonucleotides to the target regions with additional modifications ( Table 1 , m and w). In this study we applied LNA in opposite positions to the mismatched target to enhance specificity. 11 To evaluate the effect of LNA, we also synthesized BRAF probes containing only DNA building blocks ( Table 1 , C1 and its derivatives 1-3). The selected fluorescent dyes perylene, 6FAM and 5JOE were then incorporated into alkynelabelled precursors close to the position of the SNP by click chemistry (Fig. 1 , Supporting Information). Tm is given for matched duplex. ∆Tm is calculated for each probe individually as a difference: Tm (mismatched duplex) -Tm (match duplex). BRAF targets: V600E D1: 5'-TCT AGC TAC AGA GAA ATC TCG-3' (wild type), V600E D2: 5'-TCT AGC TAC AGT GAA ATC TCG-3' (mutant), KRAS targets: G12D D1: 5'-GCCTACGCCATCAGCTCCAAC-3' (mutant), G13D D1: 5'-GCCTACGTCACCAGCTCCAAC-3' (mutant), G12D/G13D D2: 5'-GCCTACGCCACCAGCTCCAAC-3' (wild type). Mutation position is underlined. RNA targets are given in the Supporting Information.
These dyes were chosen for their documented brightness, photostability and environmental sensitivity within nucleic acids. 11 As in previous work, perylene incorporation required microwave assistance because of its low solubility in water. 11 Conjugation products 1-18 were analysed by ion-exchange HPLC using a suitable programme, and MALDI MS (see Supporting Information, Probe analyses, Table S2 , Figs. S1-S6).
Our major goal with the following analyses was to confirm the ability of the probes to signal the presence of BRAF/KRAS SNPs in human oncogenes. For SNP sensing, target discrimination by the probes has to be highly effective. One way to evaluate the specificity is a binding assay for the probes vs. model complementary and mismatched DNA/RNA targets. We characterized the resulting duplexes by Tm assay following denaturation by absorbance at 260 nm (Table 1 and Supplementary Table S1 ). Each measurement was repeated at least twice with resulting reproducibility of the Tm values within 0.5 C. For each duplex, Tm was calculated as the difference between the resulting melting temperature and the fully unmodified DNA : DNA or DNA : RNA reference.
As expected, the Tm values were higher for the matching duplexes compared to the mismatching ones. 11 The presence of LNA increased the Tm in both match and mismatch duplexes and, besides C1, LNA improved SNP discrimination ( Table 1 , 1-3 compared to 5-6). [8] [9] [10] [11] We observed the highest stability for perylene (M 1 )-labelled probes. The decrease in stability in the presence of SNP was 2-3 °C stronger for RNA vs. DNA targets, which agrees with other reports on LNA/DNA probes (see Supplementary Tables S4, S5 and S6) . 8, 11 Incorporation of bulky dyes M 1 -M 3 decreased overall duplex stability, making SNP discrimination even stronger. This was especially characteristic of 5JOE (M 3 )-modified duplexes, where the difference in Tm for match and mismatch reached 11 °C ( Table 1) .
The advantage of introducing fluorophores into probes that specifically recognize desired DNA regions is the ability to follow the binding by optical methods. Therefore, as a next step, we studied the probes and their duplexes (ds) by fluorometry (see Supplementary Tables S8, S9 and S10). Looking at the intensities at fluorescence maxima, perylene probes showed an obvious discrimination between the nude (ss) probes and the ds resulting from the hybridization with matching and mismatching DNA and RNA, with an over 50-fold difference in intensity signalling. Five samples out of six showed more intense signals when hybridized with mismatching oligonucleotides (DNA or RNA). 6FAM and 5JOE gave less difference in signalling ds vs. ss samples (see Supplementary Figs. S9 and S10) . Nevertheless, the discrimination between ss and match/mismatch ds was statistically significant for all the probes with p = 0.02.
Please do not adjust margins

We additionally evaluated the effect of LNA on the mismatch discrimination and brightness of BRAF V600E model duplexes. The fluorescent probes derived from C2-C3 had a bigger difference in fluorescence intensity compared to those derived from LNA-free C1 ( Supplementary Table S1 ). To better understand the influence of LNA on duplex structure, we carried out circular dichroism (CD) studies ( Supplementary  Table S1 , Fig. S8 ). All the CD plots showed a typical signal of Bform DNA. 15 The signal of X-labelled precursors was sharper than the signal of the fluorescent probes, both as ss and ds. Notably, the matching and mismatching signals were overlapping. CD results confirmed that the perylene modification did not disturb the overall duplex formation, while 5JOE and 6FAM had some effect on the ds structure.
Having initially evaluated probe specificity by Tm, fluorescence and CD, we aimed to develop an assay for specific SNP detection and quantification in the entire genome complexity and at low target abundance. Another important aspect to address was the problem of detecting neighbouring mutations in the KRAS oncogene, a task which is poorly handled by available methods. 16, 17 We developed a novel diagnostic approach using fluorescence microscopy and 5JOElabelled probes 6, 12 and 15 matching with mutated BRAF and KRAS genes (Fig. 2) .
The scheme of the solid-phase assay is shown in Fig. 2a . We digested genomic DNA from human cell lines with EcoRI and enriched it using a bait probe approach 14 directly on microscopy slides (see Supplementary Information, chapter 4.3). Having done this, a mutation-specific probe was added. A crucial step was washing off the mismatched probe from the target, which ensured a specific signal. The 5JOE probe showed great Tm discrimination of mismatch that allowed us to use warm (45 °C) 1× PBS buffer and multiple washing steps to eliminate all the mismatched binding. Another advantage of 5JOE that benefited the assay was its photostability, brightness and suitable emission wavelength for fluorescence microscopy. 11 The fluorescence imaging analyses show that the probes can discriminate mutations, giving a clear bright signal when the mutation is present (Fig. 2b and c) . Fluorescence is not detected when the probe is free in solution and when it is subjected to the wild-type control genome HMC ( Fig. 2d ; just a slight background florescence is visible). The excellent detection capacity of our probes was confirmed by lowering the concentration of the DNA target from 1000 copies/μL to only 200 copies/μL and still obtaining a bright signal ( Fig. 2b and c) . Spike-in controls also showed good discrimination of mutant genomic fragments from wild-type sequences down to 5% of the former (Fig. 2e ).
In fact, genotyping of BRAF V600E is a well-established technique by, e.g., FISH and PCR. 18, 19 In turn, SNPs in the KRAS oncogene are challenging to detect. KRAS-containing DNA is often hard to amplify. 16, 17 It also contains neighbouring mutations that are difficult to discriminate even using advanced PCR settings. 16, 17 To address this we tested KRAS probes in a cross-assay, e.g. by applying a KRAS G12D-specific probe for the KRAS G12V target, and vice versa ( Fig. 2e ; see Supplementary Information, chapter 4.3). We confirm that LNA/DNA probes effectively discriminated the neighbouring SNPs in the KRAS oncogene, with minor background signal (< 3%). It is noteworthy that the overall time of this new assay is only 1 hr after the genomic DNA is prepared, which is much shorter than PCR and sequencing. 2 This is accompanied by a very simple workflow (Fig. 2a ). 15 Next, we aimed at the development of a simple and reliable hybridization assay for the 5-methyl cytosine (5-MeC) detection in genomic DNA. Currently used bisulfite treatment of DNA often results in poor specificity and reproducibility of the 5-MeC detection. 5 We demonstrated that LNA/DNA probes, internally modified with "click"-chemistry, can be used to distinguish between unmodified cytosine and its epigenetic variant 5-MeC. Two factors contribute to this discrimination: LNA and fluorophores. 8 LNA's stabilize the probes when matched correctly changing the melting temperature significantly. 8 Fluorophores sense even minor changes in microenvironment, providing read-out signal for detecting mutations. 11 To show this, we obtained BRAF V600E targets that contained 5-MeC and compared them, by Tm and fluorometry, to targets containing regular dC nucleotides ( Table 2 ; Supporting Figure S13 ). First, we hybridized the probes with the experimental and control BRAF samples and examined their melting temperatures. Each measurement was repeated at least twice with resulting reproducibility of the Tm values within 0.5 C. With the unmodified DNA probes, the Tm values increased only slightly from the sample with unmodified cytosines to the 5-MeC counterpart (0.5°C per 5-MeC base). This is within the error range of the experiment. However, the Tm values increased by 1-4 °C when the probes included LNA bases and two X monomers (see data for C2). This Tm difference was of similar magnitude upon incorporation of fluorophores. Notably, when comparing the data for probes 1-3 to 8-9 (Table 2) , different fluorophores have same impact on 5-MeC target discrimination. This implies that the key role in the observed stabilization effect of 5-MeC belongs exclusively to LNA. To challenge this even further, we used probes of same sequence but containing a different modification, a hydrophilic peptide, instead of the fluorophores (see Supplementary Information, chapter 5 ). 20 These peptideoligonucleotide conjugates contained LNA as well, in the same positions as the fluorescence probes. The resulting ∆Tm values for these new peptide-oligonucleotide controls were similar to those of the fluorescent probes. This confirms the key role of LNA in 5-MeC target discrimination by the Tm.
For use with sensing applications, it might also be beneficial to detect 5-MeC modification by fluorescence change. Therefore, in addition to Tm, we hybridized probes to the 5-MeC modified DNA and studied the resulting duplexes with fluorometry ( Table 2 , ∆F results). In most cases, fluorescence increased in the presence of 5-MeC. This was especially remarkable for duplexes formed by 6FAM-labelled probe 2 (fluorescence intensity increase up to 21%). The observed increase in fluorescence with methylation, may be due to the positioning of the dyes into a hydrophobic environment. Indeed, based on our data and existing knowledge, the presence of hydrophobic methyl groups has a bigger influence on fluorescent signal in the more compact, less hydrated duplexes formed by LNA/DNA probes than standard dsDNA. 8 This could also explain the additive effect of 5-MeC modifications on the Tm.
To test our probes in a more realistic environment, we carried out spike-in experiments in which the 5-MeC target was mixed with wild-type genomic DNA from an HMC cell line (see Supplementary Information, chapter 5 ). Using probe 2 and fluorometry, we could detect the 5-MeC target down to a concentration of 5 nM, in the presence of up to 80% nonmethylated genomic DNA. To the best of our knowledge, this type of 5-MeC discrimination has not been reported for synthetic oligonucleotide probes thus far. [5] [6] [7] Inspired by these results, we applied this assay directly in human cancer DNA. Methylation of CpG islands in the promoter regions of human oncogenes has been thoughtfully studied. 21, 22 However, scant attention has been paid to the methylation of coding sequences. 23, 24 To address this gap, we selected LS411N DNA derived from colorectal carcinoma caecum and malignant melanoma cancer cells raised from skin (A-375), lung (Malme-3M) and fibroblasts (HT-144; see Supplementary Information for detailed information on the cell lines). These four cell lines have 66-100% mutated BRAF V600E oncogene, with a partially methylated coding region. Initially, the mutated regions were enriched, as shown in Fig.  2 . Next, using a calibration curve obtained for synthetic oligonucleotides, we were able to determine the 5-MeC/dC ratio for each sample (Fig. 3) . Bisulfite sequencing was carried out as a control, and all results were normalized according to the BRAF V600E abundance in each cell line (see Supplementary Information, chapter 5 ). Using a fluorescence assay probe 2, we observed different 5-MeC levels across the cell lines, within a range of 8-18% (Fig. 3) . Interestingly, the skin-derived DNA (A-375) had a higher 5-MeC/dC ratio compared to similar cancer type cells derived from lung and Please do not adjust margins Please do not adjust margins fibroblasts (15% vs. 11% and 8%; ± 2%). The highest 5-MeC/dC value was observed for LS411N DNA (18% ± 2%). Notably, a similar pattern was observed by bisulfite sequencing, although the levels were 3-5% lower than for our probe hybridization assay (see Supplementary Table S11 ). It has been proved that DNA methylation level is correlated with the biological features of coding exons in a genetic position-dependent way. 25 Some exons are prone to the mutagenic effects, whereas the other exons are sensitive to the regulatory effects of DNA methylation. 25 Moreover, it has been recently showed that 5-MeC in exons affects splicing and histone modification and in that way regulates the transcription. [26] [27] [28] The developed assay shows the difference in 5-MeC levels within exons of cancer cell lines which could be a source of additional information on the epigenetics of oncogenes.
In conclusion we developed fluorescent LNA/DNA probes and tested them in the direct detection of clinically relevant SNPs and epigenetic 5-MeC DNA modification in the human oncogenes BRAF and KRAS. Our major goal in this study was to achieve high specificity and sensitivity of target DNA detection in a simple hybridization assay, followed by optical detection. In the solid-support assay, novel probes show the required features of specificity and sensitivity. Even for challenging neighbouring mutations such as KRAS G12D, G12V and G13D, the prepared probes show highly specific binding and target sensitivity. The fluorescent LNA/DNA probes prepared herein also discriminate DNA targets that contain epigenetic 5-MeC vs. regular dC nucleotides. This allowed us to compare the 5-MeC/dC ratio across four different cancer cells. Importantly, the developed assays allow for the direct quantification of target sequences as well.
Overall, as exemplified in this paper, further development of simple and reliable SNP and 5-MeC analyses has the potential to open up new possibilities for using synthetic oligonucleotide probes as effective diagnostic tools. In particular, we believe that the developed simple, time-and cost-effective hybridization approach has much to offer to the rapidly developing field of epigenetic DNA analysis.
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